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INTRODUCTION 20
A cell's fate and function are determined by its transcriptome and proteome. The 21 transcriptomes of germ cells are unique and are comprised of RNAs that encode proteins essential 22
for specialized, germ cell-specific functions, such as meiosis, spermatogenesis, and oogenesis 23 (Lesch and Page 2012). Throughout development, germ cells must maintain expression of 24 germline-specific genes as well as repress genes that would lead to somatic differentiation (Strome 25 and Updike 2015) . Failure to maintain appropriate gene expression programs can lead to sterility, 1 preventing an organism from passing its genetic information to future generations. 2 A conserved feature of germ cells is the presence of electron-dense, non-membrane-bound 3 organelles called germ granules, which include polar granules in Drosophila, chromatoid bodies in 4 mouse spermatids, Balbiani bodies in mouse oocytes, and P granules in C. elegans (reviewed in are known or predicted to bind RNA. Thus, germ granules are suspected to serve as 9 posttranscriptional processing centers to modify, degrade, and/or store mRNAs as they exit germ 10 cell nuclei (Voronina et al. 2011; Updike and Strome 2010) . 11
In C. elegans, P granules are maternally loaded into the 1-cell embryo and then 12 asymmetrically segregated to the germ lineage during embryogenesis (Updike and Strome 2010) . 13
Although segregation of the bulk of maternal P granules to the germline blastomeres is not required 14 for germ cell specification (Gallo et al. 2010 GLH proteins make up the core constitutive components of P granules. The three PGL proteins are 18 worm-specific. The two most important PGL proteins, PGL-1 and PGL-3, contain a predicted RNA-19 binding motif at their C-terminus called an RGG (Arg-Gly-Gly) box (Kawasaki et al. 1998 ; Kawasaki 20 et al. 2004 ). The four GLH proteins are homologs of the highly conserved Vasa protein and contain 21 DEAD-box helicase domains, which may also bind and modulate RNAs (Gruidl et al. 1996 ; Kuznicki 22 et al. 2000; Spike et al. 2008) . The most important GLH protein, GLH-1, is necessary for P-granule 23 retention at the nuclear periphery (Updike et al. 2011 ). In addition to the PGL and GLH core 24 components, P granules contain proteins involved in small RNA biogenesis and the RNAi pathway, 25 was resuspended in 250 µL of TE buffer pH 8.0 and then further diluted for hybridization (let-2 and 2 lag-1 probes were diluted 1:10, aqp-2 1:30, and cebp-1 and puf-9 1:50). Gonads were imaged on a 3
Solamere spinning disk confocal system controlled by Micro-Manager software (Edelstein et al. 4 2014) . The set-up was as follows: Yokogawa CSUX-1 scan head, Nikon TE2000-E inverted stand, 5
Hamamatsu ImageEM x2 camera, 561 nm laser, and Plan Apo 60x/1.4 n.a. oil objective. Figures 4, 6 6E, S5, and S6B contain montages generated by splicing together contiguous images acquired with 7 identical settings. Control and P-granule RNAi pairs used identical confocal settings. All images 8
were processed with Image J and Adobe Illustrator. 9
Immunocytochemistry: For antibody staining, gonads were dissected using 30½ gauge 10 needles in egg buffer containing 0.5% Tween-20 and 1 mM levamisole. Dissected gonads were 11 permeabilized using the freeze-crack method, fixed for 10 min in methanol and 10 min in acetone, 12
and stained as described (Strome and Wood 1983) . Antibody dilutions were 1:4000 rabbit anti- Solamere spinning disk confocal system described above. Figures 5C, 6A , 6C, and S7B contain 18 montages generated by splicing together contiguous images acquired using identical settings. All 19 images were processed with ImageJ and Adobe Illustrator. 20
For quantification of REC-8 or HTP-3 signal relative to UNC-119::GFP signal, three optical 21 slices were projected for both control and P-granule RNAi gonads. Using the color histogram tool 22
in ImageJ, the intensity of the red channel (REC-8 or HTP-3 staining) was recorded and plotted as 23 a function of the intensity of the green channel (UNC-119::GFP) from random individual cells within 24 the gonad. For each experiment, one control gonad and three P-granule RNAi gonads were 25 sampled. 26 processed gene expression data including fold changes and average read counts. Gene 2 expression data are available at GEO with the accession number XXX. 119::GFP and MYO-3 were often observed in the same regions of the germline, and those regions 10 showed morphological changes not typical of germ cells (i.e., loss of the rachis, loss of proper germ 11 cell organization, and abnormal nuclear size). These features raise the possibility that depletion of 12
P granules causes germ cells to undergo large-scale developmental changes in gene expression. 13
To identify genes that become misregulated upon depletion of P granules and to investigate 14 the extent of reprogramming toward somatic cell types, we performed transcriptome analysis of 15 dissected gonads from P-granule-depleted worms compared to control worms. We treated L1 16 larvae that harbored the unc-119::gfp transgene with P-granule RNAi and manually dissected and 17 collected gonads from their F 1 progeny at different developmental stages: L4 larvae, Day 1 sterile 18 adults, and Day 2 sterile adults ( Figure 1A , see Materials and Methods). Throughout this report, we 19 use the shorthand "L4" to mean the L4 larval stage and "PG(-)" to mean P-granule depleted. Of the 20 Day 2 sterile adults, approximately 10% expressed the unc-119::gfp transgene in one or both 21 gonad arms. These "transformed" gonads (i.e., Day 2 Adult PG(-) UNC-119::GFP(+) gonads) were 22 collected as a separate sample from Day 2 gonads that did not detectably express the unc-119::gfp 23 transgene (i.e., Day 2 Adult PG(-) UNC-119::GFP(-) gonads; Figure 1B ). For comparison, worms 24
were fed empty vector RNAi instead of P-granule RNAi, and control gonads were collected from 25 fertile F 1 worms at the same developmental stages (L4, Day 1 adult, and Day 2 adult). From 26 control worms, only the distal halves of gonads were profiled by cutting at the gonad bend so as to 1 avoid oocytes, which are not present in P-granule-depleted gonads. From P-granule-depleted 2 worms, large gonads were cut at the gonad bend and stunted gonads were collected in their 3 entirety. Three biological replicates were collected for each treatment at each time point. Total 4 RNA was isolated from these replicates, depleted of ribosomal RNA, and used to construct libraries 5 for next-generation sequencing. 6
Our P-granule depletion method was highly effective. Compared to control gonads, P-7 granule-depleted gonads at all three developmental stages showed between a 9-and 133-fold 8 reduction in pgl-1, pgl-3, glh-1, and glh-4 transcripts ( Figure S1A and B ). In addition to the four P-9 granule targets included in our RNAi construct, our P-granule RNAi also depleted glh-2 and the 10 DEAD-box helicase domain-containing pseudogene T08D2.3, likely due to their extensive 11 sequence identity with glh-1 and glh-4. UCSC genome browser tracks of these P-granule loci 12 revealed read pile-ups spanning approximately 350 base pairs ( Figure S1A ). Based on their 13 mapped locations, we infer that these reads originate from the RNAi construct. We also observed a up-and down-regulated genes from each adult sample revealed high overlap but also unique 7 genes within later gonad samples ( Figure 2B ). The nested Venn diagrams suggest that gene 8 misexpression in P-granule-depleted adult gonads becomes progressively more severe over time 9
and especially in gonads that express a somatic transgene ( Figure 2B ). 10
P-granule-depleted L4 larval gonads display little change in transcript accumulation: 11
In contrast to Day 1 and Day 2 Adult PG(-) gonads, L4 PG(-) gonads showed essentially no 12 transcript accumulation changes compared to L4 control gonads; only nine genes were significantly 13 down-regulated and 12 genes significantly up-regulated ( Figure 2A ). Of the nine down-regulated 14 genes, five genes were direct P-granule RNAi targets (i.e., pgl-1, pgl-3, glh-1, glh-4, glh-2) and two 15 genes were likely the result of 3' to 5' transitive RNAi spreading (him-3 and hil-4, which are at the 5' Figure 2C) . Surprisingly, the control L4 gonad sample is 22 similar to all of the PG(-) samples along PC1 ( Figure 2C ). This along with results discussed below 23
suggests that gonads isolated from P-granule-depleted adult worms are developmentally more 24 similar to L4 gonads than adult gonads and possibly maintain mRNAs that are normally restricted to 25 the L4 stage. These results suggest that P granules are necessary for the normal progression of 26 germline development from the L4 stage to adult. The PG(-) samples spread out along PC2, with 1 the Day 2 Adult PG(-) UNC-119::GFP(+) gonad sample being farthest from the others. This likely 2 reflects differences in transcript accumulation that may underlie somatic development in 3 transformed Day 2 Adult PG(-) UNC-119::GFP(+) gonads. 4 P-granule-depleted adult gonads down-regulate germline transcripts and up-regulate 5 somatic and sperm transcripts: To determine the types of genes that are misregulated in 6 response to P-granule depletion, we analyzed the levels of mapped reads across different gene 7 categories: ubiquitously expressed, enriched expression in the germline, expressed specifically in 8 the germline, expressed specifically in sperm, or expressed specifically in somatic cells. These 9 categories were defined previously using microarray and serial analysis of gene expression (SAGE) 10 data from different tissues and from animals that possessed or lacked a germline (see Materials 11
and Methods). After normalizing for sequencing depth across all seven samples, we compared 12 average read counts across different gene categories. Figure S2A ). However, for the majority of ubiquitous genes, including ama-1 17 which encodes the large subunit of RNA Polymerase II, read levels were not changed by P-granule 18 depletion ( Figure 3B ). 19
Germline-enriched and germline-specific gene read counts in control gonads increased 20 progressively from L4 larvae to Day 1 adults to Day 2 adults ( Figure 3A ). Upon P-granule 21 are required for the normal accumulation of germline transcripts and prevent the decrease in 2 germline mRNAs in gonads that express the unc-119::gfp transgene. 3
Sperm genes displayed elevated read counts in P-granule-depleted adult gonads compared 4 to control adult gonads ( Figure 3A and D). In hermaphrodite worms, spermatogenesis occurs 5 during the L4 larval stage and ends at the L4-to-adult molt, at which time oogenesis begins (Hirsh 6 et al. 1976 ). Consistent with this, transcripts from sperm-specific genes, such as the msp genes 7 that encode MSPs or Major Sperm Proteins, accumulated in L4 gonads and then abruptly declined 8 from control adult gonads. However, these transcripts remained elevated in P-granule-depleted 9 adult gonads ( Figure 3D and Figure S2C ), supporting the suggestion from PCA analysis that P 10 granules are necessary for germlines to progress from L4 to adulthood. These data are consistent 11
with a recent study that also detected perdurance of sperm transcripts in P-granule RNAi Day 1 12 adult gonads (Campbell and Updike 2015). 13
Soma-specific genes showed several patterns of increased transcript accumulation in P- As an unbiased, genome-wide approach to determine different gene expression patterns 4 among our samples, we also performed k-means clustering using the fold changes of RNAs in P-5 granule-depleted gonads versus their paired controls (see Materials and Methods). The 14,571 6 genes that showed a significant fold change in at least one of our comparisons grouped into eight 7
clusters. The majority of ubiquitous genes, germline-enriched genes, and germline-specific genes 8 grouped into Cluster 1, and the majority of sperm-specific genes grouped into Cluster 4 ( Figures S3  9 and S4). This shows that these genes act similarly within their assigned gene category; that is, the 10 majority of germline genes show similar responses to P-granule depletion, as do the majority of 11 sperm genes. Somatic genes were spread out among the rest of the clusters (Clusters 2, 3, 5, 6, 7, 12 and 8; Figure S3 ), supporting our observation that P-granule depletion causes several patterns of 13 misregulation of soma-specific transcripts. Some somatic transcripts became more prevalent at 14 progressively later stages (e.g., cebp-1 in Cluster 2), while others were detected in L4 gonads, were 15 reduced in control adult gonads, and persisted in PG(-) adult gonads (e.g., let-2 in Cluster 6). We 16 suspect that the somatic genes that become highly expressed in UNC-119::GFP(+) gonads (e.g., 17 aqp-2 and certain genes in Clusters 2, 3, and 6) are due to indirect, secondary effects of P-granule 18 loss (see Discussion). Taken together, our transcript profiling shows that P granules are necessary 19
to promote appropriate transcript accumulation patterns in gonads after the L4 larval stage. 20
Single molecule RNA-FISH analysis confirms that somatic transcripts accumulate in 21
P-granule-depleted gonads: Although our RNA-seq method is highly sensitive, it is unable to 22 provide spatial information about transcript accumulation patterns within gonads. As an 23 independent method to test if, when, and where soma-specific transcripts are up-regulated in P-24 granule-depleted germ cells, we performed single molecule RNA-FISH (smFISH) using probes to 25 detect several soma-specific mRNAs (cebp-1, aqp-2, let-2, and puf-9) in control and P-granule-1 depleted gonads. 2
By RNA-seq, cebp-1 transcripts were not detected in control L4 or adult gonads but were 3 detected in P-granule-depleted gonads at all stages ( Figure 3E ). By smFISH, very few cebp- 1 4 transcripts were detected in control gonads at any stage ( Figure 4A ). We did detect some cebp-1 5 transcripts around the nuclei of somatic gonad cells, including the very distal tip of the gonad, likely transcripts, aqp-2 transcripts were distributed throughout the germline and sometimes concentrated 17 in regions around nuclei ( Figure 4B ). 18
We also used smFISH to analyze let-2 and puf-9 transcripts. By RNA-seq, let-2 transcripts 19 in control gonads behaved in a similar manner to sperm transcripts; transcripts were detected in L4 20 gonads and decreased in adult gonads ( Figure 3E ). After P-granule depletion, let-2 transcripts 21 persisted in adults and were especially elevated in Day 2 Adult PG(-) UNC-119::GFP(+) gonads 22
( Figure 3E ). Interestingly, by smFISH, the let-2 signal in both L4 control and L4 PG(-) gonads 23 mostly originated from let-2 transcripts concentrated in the very distal tip of the gonad, likely in the 24 somatic distal tip cell and not in germ cells ( Figure S5 ). In Day 2 Adult control gonads, let-2 25 transcripts were mostly gone, with only a few transcripts remaining at the distal tip ( Figure S5 ). In 26 contrast, in 54% (n=36) of Day 2 Adult PG(-) UNC-119::GFP(+) gonads, let-2 transcripts were 1 present throughout the gonad, frequently concentrated in regions around the nuclei of germ cells 2 ( Figure S5 ). By RNA-seq, levels of puf-9 transcripts were low in control gonads and elevated in 3 both adult stages lacking P granules ( Figure S6A ). By smFISH, puf-9 transcripts were also 4 detected throughout the distal half of the germline in P-granule-depleted adult gonads: 71% of Day 5
1 Adult PG(-) (n=45) and 90% of Day 2 Adult PG(-) UNC-119::GFP(+) (n=19) ( Figure S6B ). Very 6 few puf-9 transcripts were detected in the distal half of control gonads. We did detect puf- 9 7 transcripts in the proximal half of both control and P-granule RNAi gonads. Taken together, our 8 smFISH analysis corroborates our RNA-seq results and confirms that soma-specific transcripts are 9 up-regulated in P-granule-depleted germ cells. 10
Our smFISH results shed light on the subset of soma-specific transcripts that are detected in 11 L4 gonads, are reduced in control adult gonads, but persist in P-granule-depleted adult gonads 12 (e.g., let-2 transcripts in Figure 3E ; Cluster 6 in Figures S3 and S4 ). Based on our RNA-seq data 13 alone, two explanations are possible. One possibility is that these transcripts are expressed in 14 germ cells at the L4 stage and then disappear in a P-granule-dependent manner in adult gonads, 15 similar to sperm transcripts. An alternative possibility is that these transcripts reside in the somatic 16 gonad and appear to be down-regulated in control adult gonads and up-regulated in P-granule-17 depleted adult gonads because of the altered ratio of somatic gonad cells to germ cells, i.e. a lower 18 ratio in control adults and a higher ratio in P-granule-depleted adults with stunted germlines. 19
Illustrating the latter possibility, our smFISH analysis detected Iet-2 transcripts in the somatic gonad 20 of L4s. However, let-2 transcripts were later expressed in the germ cells of UNC-119::GFP(+) 21 adults, along with many other somatic transcripts (e.g., cebp-1, aqp-2, and puf-9). Thus, even 22 somatic gonad markers can become expressed in the germlines of reprogrammed adults. Further 23
research is needed to identify the direct versus indirect effects that P granules have on individual 24
genes. 25
Most of the genes misregulated in Day 2 Adult PG(-) UNC-119::GFP(-) gonads were also 2 as well as a large number of genes involved in regulation of RNA metabolism ( Figure 5B ). 9
Interestingly, we did not detect processes involved in development of other somatic cell types like Interestingly, a large number of down-regulated genes were categorized as important for embryonic 4 development, including genes whose gene products are maternally loaded into developing oocytes 5 to support and guide early embryogenesis (e.g., mex-5, mex-6, pie-1, nos-1). To test if UNC- and vice versa ( Figure 6A and B) . This was also the case for HTP-3 ( Figure 6C and D) and lag-1 15 transcripts ( Figure 6E ). This demonstrates the antagonistic relationship between somatic and 16 germline fates and highlights the importance of P granules in maintaining germ cell identity. 17
Taken together, our transcript profiling, immunostaining, and smFISH experiments 18 demonstrate that changes to the transcriptome and proteome are occurring in at least a fraction of 19 the germ cells in P-granule-depleted gonads. These changes reflect both the loss of germline 20 identity (e.g., loss of REC-8, HTP-3, and lag-1 mRNA) and acquisition of somatic identity (e.g., 21
expression of the unc-119::gfp transgene and UNC-64). 22
The germlines from pgl-1 and glh-1 single mutants also express somatic markers: 23
Our P-granule RNAi construct simultaneously targets four important P-granule genes: pgl-1, pgl-3, 24 glh-1, and glh-4. We tested if loss of one or two P-granule components is sufficient to cause 25 germline expression of somatic genes by crossing the unc-119::gfp transgene into glh-1 single and 26 glh-1 glh-4 double mutant backgrounds and by performing single pgl-1 RNAi or double pgl-1; pgl-3 1
RNAi on unc-119::gfp transgenic worms. We detected UNC-119::GFP expression in all 2 backgrounds tested ( Figures 7A and S7) . Additionally, of the germlines that expressed UNC-3 119::GFP, a fraction also expressed the muscle myosin MYO-3 ( Figures 7A and S7 ). To determine 4
if pgl-1 and glh-1 mutant gonads misregulate a similar set of genes, we performed transcript 5 profiling of gonads collected from sterile Day 1 Adult pgl-1 mutants and sterile Day 1 Adult glh-1 6 mutants; neither mutant contained the unc-119::gfp transgene. Comparison to wild-type gonads 7 revealed more transcript accumulation changes in pgl-1 mutants than in glh-1 mutants; pgl-1 single 8 mutants up-regulated 2,894 genes and down-regulated 273 genes, while glh-1 single mutants up-9 regulated 626 genes and down-regulated 110 genes ( Figure 7B ). The majority of the genes up-10 regulated in glh-1 gonads were also up-regulated in pgl-1 gonads (592 out of 626 genes, 94%), 11
suggesting that PGL-1 and GLH-1 may work together to control certain transcripts ( Figure 7C ). The this study, we analyzed the progressive transcript changes that occur in P-granule-depleted 23 germlines. We treated worms with P-granule RNAi for two generations and performed 24 transcriptome analysis of dissected gonads from the second-generation sterile hermaphrodites. In 25 worms that lack P granules, germlines appear relatively healthy at the L4 stage but deteriorate in 26 adults. Germline deterioration in adults is accompanied by and perhaps caused by aberrant 1 persistence of sperm-specific transcripts after the sperm-production period in L4, as previously 2 observed (Campbell and Updike 2015), and elevated levels of soma-specific transcripts. The 3 persistence of sperm-specific transcripts into adulthood suggests that P granules promote 4 progression of germ cells from the L4 larval stage to adulthood, and the healthy appearance and 5 normal RNA profile of L4 germlines suggest that P granules are not necessary for germline 6 development from embryogenesis to L4. In adults, the majority of P-granule-depleted germlines 7 become reduced in size and disorganized, while a minority of germlines appear to proliferate; both 8 categories of germlines can contain cells that have lost their previous germ cell fate and appear to 9 be on a neuronal developmental path. Taken together, these findings reveal that C. elegans germ 10 granules are major regulators of the germline transcriptome and prevent germ cells from 11 undergoing somatic development, possibly by preventing the expression of somatic factors in the 12 germline ( Figure 8 ). The mechanism by which P granules perform these functions remains to be 13 for its role in fertility (Aoki et al. 2016 ). If PGL-1 indeed has RNase activity in vivo, then an 23 attractive scenario is that it recognizes mRNAs inappropriate for germline development and cleaves 24 them, while allowing germline-appropriate mRNAs to pass through P granules and be translated in 25 the cytoplasm (Figure 8 ). Alternatively, PGL-1 and the paralogous protein PGL-3 may not have a 26 preference for transcript type. Indeed, PGL-3 was recently shown to bind mRNA in extracts and in 1 vitro in a sequence-independent manner (Saha et al. 2016) . One possibility is that P granules 2 intercept all types of transcripts, including germline-appropriate transcripts, but effectively prevent 3 low levels of stochastically expressed soma-specific transcripts from producing levels of proteins 4 that would threaten germ cell identity. soma-specific mRNAs that are already present at low levels in the germline (Figure 8, Model A) . 19
Our data suggest that P granules additionally affect the levels of soma-specific mRNAs in the recognize and degrade soma-specific transcripts identified as "foreign". This information could then 5 be relayed back into the nucleus to repress inappropriately activated soma-specific genes through 6 epigenetic mechanisms (Kasper et al. 2014 ; Figure 8 ). CSR-1, another P-granule associated 7 argonaute, recognizes its targets through associated 22G-RNAs that base-pair with germline-8 expressed mRNAs including those important for embryogenesis (Claycomb et al. 2009 ). 9
Interestingly, CSR-1 was recently found to tune the levels of certain germline mRNAs in a manner 10 that is dependent on its slicer activity (Gerson-Gurwitz et al. 2016). Importantly, depletion of CSR-1 11
and depletion of P granules cause similar transcript accumulation changes (Campbell and Updike 12 2015) , strengthening the link between argonautes and P granules in regulating the germline direct effects on gene transcription. One possibility is that these factors work downstream of P 23 granules and interpret the RNA-processing events that occur within P granules. Comparing the 24 transcriptome of gonads lacking P granules to the transcriptomes of set-2 or let-418; spr-5 mutant 25 gonads may provide insight into how these regulatory mechanisms operate and influence each 1 other to protect germ cell identity. which would bias our transcriptome analysis in favor of genes involved in neuron-related processes. 9
The expression of many neuronal genes in P-granule-depleted Day 2 adult germlines is 10 likely to be a secondary effect of P-granule loss. The burning challenges are to identify the primary 11 effect(s) of P-granule loss, and to determine why P-granule-depleted germ cells appear to favor a 12 neuronal path. One possibility is that these germ cells are reverting to a "default" neuronal 13 The breadth of ribonucleoprotein complexes and the regulatory circuits they form within the 1 C. elegans germline highlight the complex nature of this tissue. In order to fully understand P-2 granule function, a thorough analysis of individual factors like PGL-1 and GLH-1 will need to be 3 performed, especially at the biochemical level. Additionally, identification of P-granule-associated 4 mRNAs may provide insight into how P granules prevent somatic development in the germline. 5
Finally, because many P-granule proteins are conserved in other species, it is important to test if 6 germ granules in other organisms including vertebrates prevent somatic development of germ cells. Instrumentation Grants (S10RR029668, S10RR027303, and S10OD018174). Some strains used in 20 this study were provided by the CGC, which is funded by the NIH Office of Research Infrastructure 21
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